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Abstract 

We investigate the transport in a two-dimensional (2D) lattice of cou- 
pled Sinai billiards fabricated on the basis of a high-mobility 2D electron 
gas in GaAs/AlGaAs heterojunction. For the states with low reduced con- 
ductivity g <C 1 an anomalously weak temperature dependence of g was 
found. The large negative magnetoresistance described by the Lorentz 
line-shape of the width corresponding to the half magnetic flux quantum 
through the area of the billiard is observed. In going from g > 1 to g <^ 1 
it strongly increases. The Shubnikov-de Haas oscillations and commensu- 
rability magnetoresistance peak are preserved at gr ^ 1. The data suggest 
that the system studied behaves more like a metal than an insulator at 
g <^ 1 and is not described by the generally accepted picture of Anderson 
localization. 

Quantum and classical transport in systems with dynamic chaos has been 
intensively studied during last few years, since the successes of modern semicon- 
ductor technology has made it possible to obtain various experimental realiza- 
tions of such systems with electron billiards as an example. At the present 
time two varieties of these systems are studied. The first one is unit bil- 
liards (regular or chaotic Bunimovich or Sinai billiards) [1-5] , while the second 
one is macroscopic two-dimensional (antidot lattice) [6-10] or one-dimensional 
[11] Sinai billiards. A number of interesting phenomena resulting from the 
classical and quantum chaotic electron dynamics was found in these billiards 
(mesoscopic conductance fiuctuations, commensurability magnetoresistance os- 
cillations, weak localization effects, statistical and parametrical correlations of 
Coulomb blockade peaks). 

However up to now, there have been practically no investigations of systems, 
in which separate electron billiards with reduced conductivity g = (Jxx/is^ /h) ^ 
1 and the size L < I {I is the mean free path) compose a lattice with the coupling 
between them being weak in the sense that the conductivity of the lattice itself 
is low (7 <C 1. The study of such lattice is of interest mainly due to the fact 
that, on the one hand, this system should have some properties of a unit billiard 
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(because the coupling is weak), and on the other hand, since the bihiards form a 
regular structure, the systems may exhibit properties caused by that structure. 

We report for the first time the results of experimental investigation of this 
new system with dynamical chaos. The system was built on the basis of a 
two-dimensional (2D) lattice of closely situated antidots fabricated from a high 
mobility 2D electron gas in GaAs/AlGaAs heterojimction with a metallic gate 
evaporated on the top, that permitted us to control the conductivity of the 
structure in a sufficiently wide range from g = 0.01 to g = 2. 

The square lattice of antidots was fabricated on the basis of a two-dimensional 
electron gas with electron density Ns = (2 — 3) x 10^^ cm^^ and mobility 
= (3 — 8) X 10^ cm^/V s corresponding to the mean free path Z = (3 — 6) by 
means of electron lithography and subsequent plasma etching. Then the NiAu 
or TiAu gate was evaporated on the top of the device. We investigated three 
samples with the lattice period d = 0.6 /um and three ones with d = 0.7 /um. 
One of the samples had no metallic gate, and its conductivity was controlled 
using illumination by LED. The lithographic size of antidots a = 0.2 /xm was 
the same for all samples. However, due to the depletion layers the actual size 
was larger, being approximately equal to the lattice period even before the gate 
evaporation. The experimental sample was made up of two Hall bars of the 
length of 100 /xm and the width of 50 /xm. The lattice of antidots was intro- 
duced into one of the bars. Measurement were carried out in the temperature 
range 50 mK-1 K in the magnetic field up to 2 T using ordinary four-terminal 
scheme at the frequency 6 Hz and with the current 0.01-0.1 nA in order to 
exclude heating effects. 

Fig. 1(a) shows the set of temperature dependences of the conductivity g{T) 
for the sample AG219 with the period d = 0.6 yum (,u = 7 x 10^ cm^/V s at 
Ns = 2 X 10"'^^ cm~^ in the unpatterned part of the sample) for different values of 
the gate voltage. It is seen that for g > 1 conductivity is practically temperature 
independent. More exactly, weak logarithmic decrease of g is observed typical 
for the weak localization effects. It becomes more noticeable for lower values of 
conductivity, but it still remains weak even for g <§; 1, and is well described by 
the power law dependence g{T) cx with a < 1 for all of the tested samples. 
Specifically, for the dependences of Fig. 1(a) a = 0.1 — 0.27 at g <C 1. It should 
be mentioned that the value of a is larger for the samples with lower mobility 
of the initial 2D electron gas. As an example, the same set of dependences 
g(T) for sample AG35 with the period d — 0.7 ^m (^ = 3 x 10^ cm^/V s at 
Ns = 2 X 10^^ cm— 2) is presented in the Fig. 1(b). It is seen that they are 
characterized by two times higher magnitude of a for the same values of g. 
Hence it may be inferred that the enhancement of fluctuation potential leads 
to stronger temperature dependence. The behavior of g{T) described above is 
significantly different from that for the unpatterned 2D electron gas both in 
silicon MOS-transistors [12] and in AlGaAs/GaAs hetero junction [13], as well 
as for antidot lattices with short period [14,15]. In all of these cases at 5 ~ 1 the 
transition from the weak logarithmic dependence (weak localization regime) to 
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the strong exponential one (strong localization regime) is observed. In our case 
the weak logarithmic decrease of g (for > 1) is followed by a weak power law, 
that has not been observed in other 2D systems before. 

We now turn to description of the influence of magnetic field. It is well known 
that in AlGaAs/GaAs heterojunctions at gf < 1 under the influence of magnetic 
field a transition from an insulator to the quantum-Hall-liquid is observed. This 
transition is characterized by the critical point and ~ 0.5 — 1 [13]. A 
similar transition was recently observed in the triangular antidot lattice with a 
small period d = 0.2 /im [15]. Our samples exhibit a radically different picture. 
It is seen from Fig. 2 that for all values oi g{B = 0) in the magnetic fields about 
B Ri 1 T the transition takes place from weak power-law dependence g{T) to no 
temperature dependence at all. Moreover, this transition is of different kind, for 
there is no critical point, and the metallic behavior extends for 51 <C 1. Fig. 2(a) 
also shows an interesting picture in weak magnetic field. For all values of g, 
the negative magnetoresistance (NMR) is observed for B < 0.05 T, followed by 
a peak at i? « 0.2 T corresponding to the condition 2i?c = d. This peak is 
well-known for the antidot lattices at g > 1 and originates from the so-called 
pin-ball trajectory that surrounds an antidot not colliding with it. It is seen 
from Fig. 2(b) that the second commensurate peak is observed at <? ~ 1. The 
second peak corresponds to the condition 2i?c = (a/2 — l)d. We have recently 
established that this peak is associated with the non-colliding trajectory inside 
the billiard [16]. The positions of the commensurability peaks shows that we 
really deal with the lattice of closely situated antidots with « o and d^ d — a. 
The Sinai billiards between the antidots have the area S = (i^(l — 7r/4) and 
contain a large number of electrons ^ 1. In our case we have correspondingly 
S = 0.5 ^m2, A- ?a 70 for d 0.7 ^im, and S = 0.36 /xm^, AT w 50 for d = 0.6 ^m. 
It is also important that both the main commensurability peak and NMR are 
conserved at the transition from g > 1 to g <ti 1. The peak position is slightly 
shifted towards lower magnetic fields with decreasing g. This indicates a small 
change of electron density (from 1.4 x 10^^ to 0.9 x 10^^ cm~^) in the billiard 
within the whole range of g. 

The behavior of NMR is shown in Fig. 3 in more detail. It is characterized by 
two distinguishing features: (i) for all states with 0.05 < g < 2 NMR is cut off at 
the same magnitude of magnetic field B « 0.05 T; (ii) NMR noticeably increases 
with decreasing g (Fig. 3(a) shows that at g = 0.05 it reaches a considerable 
value about 40%), and its temperature dependence becomes stronger. For the 
states with the highest resistivity it was more stronger than g{T)). For g > 
1 NMR can be attributed to the effects of weak localization in open chaotic 
billiards [2], because it has relatively small amplitude and Lorentzian line-shape. 
The behavior of NMR for g ^ 1 is surprising. It increases by an order of 
magnitude reaching a considerable value comparable to the total resistance of 
the sample, while the line-shape of NMR is described by a Lorentz curve of the 
same width. The width is equal to ABi = 27± 2 mT for the sample AG219. It 
corresponds to a half magnetic flux quantum through the area of the billiard that 
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is equal to (P{1 — 7r/4). The fact that the width is determined by the magnetic 
flux quantum is well seen from the comparison of NMR for the samples with 
two different periods 0.6 /im and 0.7 fim. As it is clearly seen from the Fig. 3(c) 
the width of NMR curve for the period 0.7 /xm equals AB2 = 20 ± 2 mT, that is 
AB1/AB2 = (0.7)2/(0.6)2. Thus at g < 1 we observe NMR wich is very similar 
to weak localization NMR in chaotic open billiards [2] . But the value of NMR 
is much larger. It is necessary to add that the following two conditions should 
be satisfied in order to observe the effects described above: (i) the influence 
of the fluctuation potential should be as low as possible, and (ii) the area of 
billiard should be relatively large. That is because one or both these conditions 
were not met that these effects were not observed in [13,14,17] (except for the 
commensurability peak observed in [14] at g <C 1, that might still have been of 
different nature, for the temperature dependence was exponentially strong). 

Let us discuss the results obtained. First turn to the temperature depen- 
dence at the transition from g > 1 to g ^ 1. It differs from the accepted 
picture of the metal-insulator transition in 2D and 3D electron systems. This 
picture is based on the concept of Anderson localization of electrons, be it the 
model of minimal metallic conductivity (MMC) or the scaling theory (ST) [18]. 
According to it at kpl ~ 1 or 5 ~ 1 in a macroscopic 2D or 3D system the 
transition should occur from the metallic behavior (as in MMC model) or from 
the weak localization (as in ST) to the strong localization characterized by the 
exponential temperature dependence of the activation type (hopping conductiv- 
ity) or of the Mott type (variable range hopping conductivity). In real systems 
the transition can be quite complicated, but for g ^ 1 the state with hopping 
conductivity is always realized [12,13]. We know only one work [19] in which 
the linear temperature dependence for <C 1 was observed in thin In203 films. 
Recently a similar system was considered theoretically in [20] within the model 
of metal grains with g ^ I coupled by tunneling in a way that the conduc- 
tivity of the macroscopic sample was low g <c 1. At g <C 1, due to inelastic 
electron-electron scattering the linear depcmdence g{T) was obtained in [20] in 
a wide temperature range. The dependence changes to the exponential one at 
T <^ e^/C, where C is the capacitance of a metal grain. Our results are not 
in agreement with the predictions of this theory. Firstly, in our case g{T) is 
weaker than linear. Secondly, it is observed at T <C e^/C, because the Coulomb 
energy for our samples e^/2C wl5-25 K. This means that the low conductivity 
of the lattice of the Sinai billiards can not be explained by the model of metal 
lakes coupled by weak tunnelling junctions. The effects of Coulomb blockade 
are not manifested in the experiment, because one observe no features in g{Vg) 
dependence. So we have to assume that at 5 ^ 1 the coupling between the bil- 
liards is stronger than that provided by tunneling. The behavior of the lattice 
in the magnetic field supports this assumption. In Fig. 2(a) one can see the 
Shubnikov-de Haas oscillations, which give the electron density in the lattice 
saddle points connecting the billiards. It coincides with the density determined 
from the Hall effect that should give the concentration in these points [21]. The 
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electron density in these points weakly changes with the strong change of g. 
It decreases only by about 30% while g drops by a factor of 30, and its mag- 
nitude, equaled to 4.1 x 10"'^'' cm~^, is only three times less than Ns inside 
the billiard even for the state with the lowest value of g. This means that the 
Fermi level in the saddle point lies several meV above the barrier &i g ^ 1, 
and an electron should ballistically move through the "bottle neck" to go from 
one billiard to another. The behavior of commensurability peak and of NMR 
support this picture. Hence, we should come to a paradoxical conclusion that 
2D lattice of Sinai billiards coupled via conducting "bottle-neck" can have very 
low conductivity 5 <C 1 but simultaneously exhibits the properties typical for 
metallic ballistic systems rather then for the insulators. This conclusion is in a 
drastic contradiction with the standard picture of Anderson localization. Let us 
discuss possible reasons for such a situation and consider it first from the weak 
localization side. The transition from the weak to strong localization, caused, 
for example, by the decrease of temperature, should be accompanied by the 
increase of the phase coherence length. Due to this increase, the number of 
localized trajectories should increase until at T = all the trajectories become 
localized. In the system investigated this increase can be at least hampered, 
because an electron can loose the phase coherence inside a billiard before it 
leaves for the other billiard through the "bottle-neck". A simple estimation 
gives for the dwell-timc of the electron inside a billiard r = 1G~* s. The colli- 
mation effects can only increase this time. The estimation shows that r can be 
larger than the time of phase coherence, which is of the order of = 10~^ s at 
40 mK. This means that even at the lowest available temperature an electron 
can loose the phase coherence on the length scale L = d. Then the resistance is 
the classical sum of the resistances of individual billiards, which can yield any 
value of g. The situation discussed is to some extent similar to that considered 
in [20]. In contrast to [20] in our system the quantum dots are separated by 
the conducting " bottle-neck" instead of the tunnel barrier as in [20] . Obviously, 
this should lead to the weaker temperature dependence of the conductivity, that 
is just observed in our experiments. Nevertheless, it is not clear what happens 
at T ^ 0, because the Coulomb blockade effects arc not observed in our case. 
The description of the system from the strong localization side is complicated, 
because one can not start from the ground state of electron in the well, for it 
represents a multilevel system with the large (~ 100) number of electrons. In 
any case the description of 2D lattice of coupled Sinai billiards and the phenom- 
ena described in the present work presents a challenge to the modern theory of 
quantum transport in the condensed matter. 

In conclusion, we investigate a new type of dynamic chaos system — 2D 
lattice of coupled Sinai billiards. We find that its transport properties are 
very unusual. They characterize the system as a metal rather than an insula- 
tor at (/ <C 1. The whole set of experimental data (temperature dependence 
of conductivity, NMR, and commensurability peak of magnetoresistance) is in 
contradiction with the standard picture of Anderson localization, and testifies 
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that the system possesses quite unusual transport properties the description of 
which requires new theoretical approaches. 

Note added. Since the completion of this paper, D.P.Druist ct al [22] have 
reported the observation of metallic behavior at 5 <C 1 in a completely different 
system — a layered three-dimensional semiconductor structure — under the 
conditions of IQHE. 

We would like to thank M.Entin, V.Falko, A.Charplik, and E.Baskin for 
useful discussion and V.Alperovich for reading the manuscript. M.V.Budantsev 
acknowledges "Mission scientifique" from French Embassy in Moscow for the 
support. This work was supported by RFFI through Grant No 96-02-287 and 
by NATO Linkage through grant No HTECH.LG.971304. 

References 

[1] CM. Marcus, A.J. Rimberg, R.M. Westervelt, P.P. Hopkins, and A.C. 
Gossard, Phys. Rev. Lett. 69, 506 (1992). 

[2] A.M. Chang, H.U. Baranger, L.N. Pfeifer, and K.W. West, Phys. Rev. Lett 
73, 2111 (1994). 

[3] A.M. Chang, H.U. Baranger, L.N. Pfeifer, K.W. West, and L.V. Chang, 
Phys. Rev. Lett. 76, 1695 (1996). 

[4] J.A. Folk, S.R. Patel, S.F. Godjin, A.G. Huibers, S.M. Cronenwet, and 
CM. Marcus, Phys. Rev. Lett. 76, 1699 (1996). 

[5] R.P. Taylor et al, Phys. Rev. Lett. 78, 1952 (1997). 

[6] K. Ensslin and P.M. Petroff, Phys. Rev. B 41, 12307 (1990). 

[7] D. Weiss, M.L. Roukes, A. Mesching, P. Grambow, K. von Klitzing, and 
G. Weiman, Phys. Rev. Lett. 66, 2790 (1991). 

[8] G.M. Gusev, V.T. Dolgopolov, Z.D. Kvon, A.A. Shashkin, V.M. 
Kudryashov, L.V. Litvin, and Yu. V. Nastaushev, Pis'ma Zh. Eksp. Teor. 
Fiz. 54, 369 (1991). 

[9] A. Lorke, J.P. Kotthaus and K. Ploog, Phys. Rev. B 44, 3447 (1991). 

[10] E.M. Baskin, G.M. Gusev, Z.D. Kvon, A.G. Pogosov, L.V. Litvin, JETP 

Lett. 55, 678 (1992). 

[11] M.V. Budantsev, Z.D. Kvon, A.G. Pogosov, N.T. Moshegov, A.E. Plot- 
nikov, A.I. Toropov, Surface Science 361/362, 739 (1996). 

[12] T. Ando, A. Fowler, and F. Stern, Rev. Mod. Phys. 54, (1982). 



6 



[13] H.W. Jiang, C.E. Jonson, K.L. Wang, S.T. Hannas, Phys. Rev. Lett. 71, 
1439 (1993); T. Wang, K.P. Clark, G.F. Spencer, A.M. Mack, and W.P. 
Kirk, Phys. Rev. Lett. 72, 709 (1994); R.J.F. Hughcst ct al. J. Phys.: Cond. 
Matter 6, 4763 (1994); D. Shahar, D. Tsui, J.E. Cunningham, Phys. Rev. 
B 52, R14372 (1995). 

[14] G. Lutjering, D. Weiss, R. Tank, K. v. Klitzing, A. Hulsmann, T. Jakobus, 
and K. Koler, Surf. Sci. 361/362, 925 (1996). 

[15] F. Nihey, M. Kastner, K. Nakamura, Phys. Rev. B 55, 4085 (1997). 

[16] M.B. Budantsev, Z.D. Kvon, A.G. Pogosov, J.C. Portal, D.K. Maude, sub- 
mitted to Phys. Rev. B. 

[17] CM. Gusev et al. Proceedings of 12th International Conference on High 
Magnetic Fields in he Physics of Semiconductor, Wurzburg, Germany, 
World Scientific, 391 (1997). 

[18] P.A. Lee, T.V. Ramakrishnan, Rev. Mod. Phys. 57, 287 (1985). 

[19] Z. Ovadyahu, Y. Imry, J. Phys. C 18, L19 (1985). 

[20] Y. Imry, A. Stern, and U. Sivan, Europhys. Lett. 39, 6239 (1997). 

[21] A.L. Efros, Sol. St. Comm. 65, 1281 (1988). 

[22] D.P. Druist et al., Phys. Rev. Lett. 80, 365 (1998). 



7 



Figure captions 



Fig. 1 

Temperature dependences of the conductivity at the transition from g > 1 to 
g<^l: (a) sample AG219, (b) sample AG35. Solid lines are g ~ T". 

Fig. 2 

Magnetoresisance (MR) traces for different values of the conductivity and at 
different temperatures (sample AG219): (a) g = 0.05, (b) g = 0.18, (c) g = 2.2. 
(d) Schematic view of antidot lattice (black points show the etched regions, 
broken lines show the boundary of depletion region, 1 - an electron trajectory 
around antidot, 2 - an electron trajectory between antidots). 

Fig. 3 

(a,b,c) NMR curves for the sample AG219. (d) Experimental and calculated 
NMR curves for the antidot lattices with two different periods d = 0.6 fim (sam- 
ple AG219) and d = 0.7 /um (sample AG35). Solid lines are the experimental 
curves, broken lines are the calculated Lorenz ones, B1/2 is the width of the 
Lorenz curves. 
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